Reproductive e¡ort was manipulated in a free-living population of house sparrows (Passer domesticus) to investigate the trade-o¡ between reproductive investment and the expression of a condition-dependent sexually selected ornament. Phenotypic plasticity in the expression of this trait was related to the experimentally manipulated size of the brood reared by a male. Males that invested more in current reproduction subsequently became more attractive to females in this population as they showed a preference for males with smaller badges. This supports the argument that direct bene¢ts are a primary focus for mate choice by females. Trade-o¡s between reproductive e¡ort and the expression of sexual ornaments are a potentially important source of phenotypic variation in both sexual ornaments and lifehistory traits.
INTRODUCTION
Given that reproduction is not cheap, the investment made by an individual in the production of o¡spring should be optimized with respect to trade-o¡s between present and future reproduction (Partridge & Harvey 1985) . Generally, investigations of these trade-o¡s have dealt with life-history traits such as fecundity and survival. Previous experimental studies have revealed costs of non-optimal brood size on both the survival of parents (Askenmo 1979) , and the survival and fecundity of the brood and their parents (Pettifor 1988) . The expression of a sexual ornament is expected to be costly (e.g. Zahavi 1977) , and highly condition dependent (e.g. Nur & Hasson 1984; Andersson 1986; Hill 1991; Price et al. 1993; Gustafsson et al. 1995; Rowe & Houle 1996; Veiga & Puerta 1996; Gri¤th et al. 1999a) . It follows that ornament expression will require an allocation of resources in competition with investment in other life-history variables (Kokko 1998) . However, the costs of reproduction in relation to sexual selection have been largely ignored, which is surprising as they are expected to operate similarly and will potentially have consequences for models of sexual selection (HÎglund & Sheldon 1998) . In their review, HÎglund & Sheldon (1998) argue that sexual displays should be regarded as any other life-history trait with respect to resource allocation.
As with other life-history variables, such trade-o¡s are notoriously di¤cult to study (Reznick 1985) . Individuals are likely to operate on unequal terms and may operate di¡erent strategies. For example, the optimum trade-o¡ between two traits for one individual may not necessarily be optimal for another. Therefore, we would not necessarily expect to ¢nd correlational evidence for trade-o¡s between sexual display and reproductive e¡ort (Sheldon 1996) . To reveal the nature of a trade-o¡, phenotypic manipulations are required to disrupt any natural covariance between the focal phenotypes. To investigate the trade-o¡ between reproduction and a sexual signal, one could either manipulate the expression of the sexual ornament and investigate its e¡ects on reproduction, or manipulate reproductive e¡ort and determine e¡ects on the subsequent expression of the signal. Both approaches have been used successfully. In his study of the barn swallow, Hirundo rustica, MÖller (1994) manipulated the length of the sexually selected tail. A positive manipulation resulted in higher immediate reproductive success but lower future reproductive success as these males su¡ered higher apparent mortality and those that returned in subsequent years had developed shorter tails. In the collared £ycatcher, Ficedula albicollis, males had the size of their brood experimentally manipulated leading to higher or lower reproductive investment, resulting in a corresponding decrease or increase in the size of their forehead patch when they returned the following year (Gustafsson et al. 1995) . Given the clear positive relationship between ornament expression and reproductive success in these species, such changes will result in possibly profound e¡ects on future reproduction (e.g. MÖller 1994; Ellegren et al. 1996; Sheldon et al. 1997) .
The house sparrow has been the focus of several studies that have identi¢ed the black throat patch of the male as a sexually selected ornament playing a role in both intraand intersexual selection (MÖller 1987 (MÖller , 1988 Veiga 1993 Veiga , 1995 Gri¤th et al. 1999b) . Here I report an experimental manipulation of reproductive e¡ort in an ecologically isolated population of house sparrows to address tradeo¡s between reproduction and survival and the expression of a sexually selected trait. House sparrows are particularly suited to such an investigation as they do not hold feeding territories, and therefore all adults have a similar access to resources during the breeding season, meaning that territory quality will not confound the experiment. In this population, female choice and reproductive success both favour males with smaller badges, a situation contrasting with other populations of house sparrows (Gri¤th et al. 1999b ).
METHODS

(a) Species and population
House sparrows are small (30 g), sexually dichromatic, cavity-breeding passerines that associate habitually with man. They are socially monogamous, with both the male and female contributing almost equally to the rearing of o¡spring (Summers-Smith 1963) . This study was conducted during April 1995 to November 1996 on Lundy, an island (3 km 2 ) 20 km o¡ the south-west coast of England (51811' N, 48 40' W) . This population has been studied since 1990 and readily breeds in nestboxes. The highly sedentary nature of the house sparrow (Paradis et al. 1998 ) results in an almost negligible movement in and out of this population, leading to high recapture rates and accurate estimates of survival. Adult birds were caught on multiple occasions throughout the study and all adults in the population were colour-banded with unique colour combinations in addition to a metal ring supplied by the British Trust for Ornithology. Using vernier calipers, badge size was measured (to the nearest 0.1mm) from the base of the bill to the point on the breast at which the black feathers ceased to grow. This measure of the`hidden' badge was robust against the variable size of the visible badge, as bu¡ feathers, which initially conceal the badge, wear away (Veiga 1996) . Each time a male was captured, badge length was measured three times, from which I calculated a mean measure that was highly repeatable throughout the year within a moult (r 2ˆ0 .76, F 12,13ˆ7 .78, pˆ0.001). This linear measurement was used in preference to the area of the badge, which was less repeatable, owing to the inaccuracy of measuring the width across the whole black area at the base of the feathers. Badge length is the main determinant of overall badge area, explaining more than 70% of the variation in badge area (r 2ˆ0 .82, nˆ48, pˆ0.001) . Further details of the study population are given in previous publications (Gri¤th et al. 1999a^c ).
(b) Manipulation of reproductive e¡ort
Reproductive e¡ort was manipulated in the spring of 1995 by swapping whole broods (to maintain natural chick asynchrony) on the day of hatching. Whenever a brood hatched, given the degree of breeding synchrony, three or four other nests were usually available for reciprocal manipulations. Within this constraint, broods were swapped randomly. To control for the e¡ects of brood swapping, broods of equal size were also swapped. Most pairs had two broods and manipulations were performed on both. Reproductive costs were investigated using the total experimental manipulation an individual was subject to over the whole season. In 1995, natural brood size ranged between two and ¢ve chicks (meanˆ3.53 chicks § 0.89 s.d.) and the total number of chicks (i.e. across an individual's ¢rst and second broods) was between two and nine (meanˆ5.45 § 1.81s.d.). Manipulations ranged from the brood size hatched by a female to minus two and plus two this amount. No broods were increased or decreased beyond the naturally observed brood sizes. Manipulations were carried out randomly and across both an individual's broods and the experimental treatment bore no relationship to badge size at the time of the experiment (F 2,25ˆ1 .42, p 4 0.25). In total, 29 males (manipulation, n; 72, 3; 71, 7; 0, 11; + 1, 5; + 2, 3) (a further 17 either did not breed or were left to breed naturally), and 23 females (72, 2; 71, 5; 0, 10; + 1, 4; + 2, 2) underwent a manipulation. Sample sizes of the two sexes were uneven (females nˆ23, males nˆ29) as some experimental birds were unringed, and therefore unidenti¢able, during the early part of the study.
(c) Estimation of survival
Subsequent to the manipulation of reproductive e¡ort in spring 1995, survival was monitored during short survey periods of ¢ve days in October 1995, January 1996, July 1996 and November 1996. Due to the limited amount of suitable habitat the whole population lives in an area of approximately 1km 2 in the south-east corner of the island. House sparrows feed and socialize openly throughout the year, allowing for very e¡ective visual identi¢cation of individuals by their unique colour-band combinations. Survival was determined by conducting extensive visual surveys at areas frequented by the whole population (e.g. feeding areas, dust baths, roost sites). All extant individuals were recorded on multiple occasions during each survey (a minimum of six sightings for each individual), indicating that coverage of the whole population was complete. Individuals not sighted during a survey were adjudged to have died; this assertion was validated by the observation that individuals not recorded in a particular survey were never sighted thereafter. The assumption that missing individuals have died and not merely emigrated is given credence by several observations. A recent comparative study has con¢rmed the house sparrow to be a very sedentary bird in the UK (Paradis et al. 1998) . Locally, records from the bird observatory on Lundy in the 1950s and 1960s, a period when there were no resident sparrows present on the island, suggest a very low level of house sparrow movement in the area (5 1.5 individuals per year) (Journals of the Lundy Field Society, 1947^1997). It is unlikely that this level has increased given the decline of the mainland population in this period. Finally, despite many years ringing on Lundy, no islandringed bird has ever been relocated on the mainland (British Trust for Ornithology, personal communication).
(d) Statistical methods
Parametric tests have only been used where sample sizes and the distribution of data and residuals made them appropriate. The ordered heterogeneity test (OH test) was used for one analysis because the expected rank order of means across experimental groups was clearly speci¢ed by the hypothesis being tested and supported by previous empirical work (see Rice & Gaines 1994; Gustafsson et al. 1995) .
RESULTS
As the badge of the house sparrow has a large degree of condition dependence, I analysed the e¡ect of the experimental brood manipulation in conjunction with the badge size of a male. I used a logistic regression model including both badge size and the extent and direction of the manipulation to explain variation in the state of individuals (either alive or dead in the following breeding season). The likelihood that an individual survived was not confounded by breeding behaviour in the next year because all individuals that made an attempt to breed in 1996 were still alive during the census in July of that year. While the overall model was not very good at explaining the overall variation in male survival (w Badge size was measured in both 1995 and 1996 for 31 males. There was no correlation between the size of a male's badge in 1995 and that of the same male in 1996 (Spearman's rhoˆ0.25, nˆ31, p 4 0.10). The badge of 14 males was smaller in 1996, for 15 it was larger and for two it had not changed. While this may suggest that variation in the expression of the badge is random from one year to the next this is not the case. Manipulation of reproductive e¡ort caused a signi¢cant change in the subsequent expression of the badge following the autumnal moult. Males that reared a reduced number of chicks expressed a proportionally larger badge; those that reared an enlarged brood expressed a proportionally smaller badge; control males whose brood size was unchanged expressed a minimal proportional change (OH test: r s P cˆ0 .62, nˆ21, kˆ5, p 5 0.03) (see ¢gure 2).
DISCUSSION
A likely, and often neglected, trade-o¡ between current and future reproduction in species showing biparental care will be that mediated by the trade-o¡ between parental care and self-maintenance a¡ecting the expression of a sexually selected trait. In the male house sparrow an experimentally manipulated level of investment in o¡spring rearing led to a parallel change in the expression of his badge. This demonstration provides further clear support for the theory that the expression of sexually selected ornaments is likely to re£ect the condition of an individual (Zahavi 1977; Andersson 1986; Rowe & Houle 1996) . The badge of the house sparrow has previously been shown to have a high level of condition dependence. In an aviary study, Veiga & Puerta (1996) kept males under di¡erent feeding conditions and demonstrated a relationship between food quality and the subsequent expression of the badge. In a free-living population, Gri¤th et al. (1999a) cross-fostered o¡spring and found a high degree of resemblance between sons and their foster-fathers, illustrating the importance of natural sources of environmental variation on badge expression. The condition-dependent expression of the house sparrow's badge along with similar observations from the house ¢nch, Carpodacus mexicanus (Hill 1991) , and the collared £ycatcher (Gustafsson et al. 1995) , underlines the important role of condition-dependent signals in sexual selection in socially monogamous birds.
The trade-o¡ between current and future reproduction mediated by a condition-dependent sexually selected trait has been previously demonstrated in only one species (Gustafsson et al. 1995; Ellegren et al. 1996) , and the implications of this trade-o¡ are still widely ignored (HÎglund & Sheldon 1998) . The trade-o¡ I have demonstrated in the house sparrow between reproductive e¡ort and subsequent expression of the sexually selected trait is highly consistent with that observed in the collared £ycatcher (Gustafsson et al. 1995) , serving to underline the importance of their results and the possible generality of these e¡ects. The interaction between sexual ornaments and current and future reproduction has a potentially important role to play in the evolution and maintenance of variation in both fecundity and sexually selected traits and should be addressed by future models of sexual selection, particularly in species in which direct bene¢ts are important. Theoretical work reliant on the assumption of the trade-o¡s I have demonstrated has indicated that the honesty of sexual ornaments can be potentially explained simply by tradeo¡s between ornament expression, parental care and self-maintenance (Kokko 1998) . As small-badged males are favoured by female choice in this population (Gri¤th et al. 1999b ), it appears that the harder a male works, the more attractive he may become in the future. Although this result may at ¢rst seem paradoxical, in fact it is precisely what may be expected given the previous reasoning that females preferred small-badged males in this population because of the greater direct bene¢ts they provide towards current reproduction (Gri¤th et al. 1999b) . Although this may result in selection for smaller badges in this population, this is not necessarily the case. A greater ability of largebadged males to achieve extra-pair paternity (e.g. Wetton et al. 1995; Sheldon & Ellegren 1999 ) is one possible source of counter-selection and another is higher annual survival of large-badged males. In this population extrapair paternity occurs at a very low level and is unlikely to counter any selection for small badges, with only four out of over 300 o¡spring fathered outside the pair bond (Gri¤th et al. 1999c) . Counter-selection against smallbadged males is more likely to come from the higher survival likelihood of large-badged males. The observation that badge size was positively related to overwinter survival is further evidence for the condition-dependent nature of the trait (Veiga & Puerta 1996; Gri¤th et al. 1999a) . The relationship between badge size and survival may be caused by either direct status signalling e¡ects in resource competition (Rohwer 1975; MÖller 1987) , or through an indirect covariance between badge expression and condition and/or aggressiveness (MÖller 1987 (MÖller , 1988 Veiga & Puerta 1996) . While small-badged males may enjoy higher annual reproductive success than their large-badged counterparts (Gri¤th et al. 1999b) , these large-badged males may have an equal or higher lifetime reproductive success by surviving to breed over a greater number of years. Assuming that badge size is related to these two strategies then variation in badge size may be supported by the stochastic variation between years in population levels of adult survival and breeding success. For a single cohort, if the best strategy is to live long and breed in several years then large-badged males will prevail. By contrast, if winters are consistently harsh and few adults survive for more than one year then the higher annual reproductive success of small-badged males will be the best strategy and small badges will be favoured.
The future survival prospects of males were related to the expression of the badge but not to the manipulation of reproductive e¡ort. By contrast, the overwinter survival of females seemed to be negatively related to the manipulation of brood size (although this e¡ect was not signi¢cant at the 5% level). These results are consistent with the expectation that costs may di¡er between the sexes both in their magnitude and in the manner in which they are expressed (Trivers 1972; Owens & Bennett 1994) .
The interaction between reproductive e¡ort and a sexually selected trait will be another source of potential con£ict between the sexes, particularly in a monogamous system, where both the male and female contribute signi¢cant amounts of e¡ort to the rearing of young. Ultimately, of course, the female determines the reproductive e¡ort of the pair as she decides the number of eggs to lay. If a female lays too many eggs for a male his increased reproductive e¡ort is likely to cause a subsequent decrease in his attractiveness. While that may not happen until the next moult in the following spring, it will a¡ect his future reproductive success, although not necessarily that of his original female which may by then be paired with another male. Presumably the trade-o¡ between present and future attractiveness is something else males must individually try to optimize and perhaps there are di¡erent strategies as to what kind of brood sizes are acceptable. From the female perspective, given the trade-o¡s that may occur between direct bene¢ts and sexually selected ornaments (QvarnstrÎm & Forsgren 1998; Gri¤th 1999b ), a female should optimize brood size with regards not only to her own capabilities but the willingness and ability of her partner. If she lays too many eggs then either he may be incapable or perhaps not willing (in order to protect his attractiveness) to invest too much in them (see Pettifor et al. 1988) . If she lays too few then she will be wasting her reproductive potential. To account for male quality in her optimization of clutch size the female is aided by a trait that is superbly adapted for that purpose, the sexually selected ornament.
The sexually selected ornament is likely to be a useful signal of male ability and indeed a previous study of this population of house sparrows reported a relationship between male badge size and female reproductive output. Females preferred males with smaller badges and produced higher numbers of o¡spring with such males, laying fewer eggs for large-badged males (Gri¤th et al. 1999b) . It was argued that the most important direct bene¢ts provided by males were likely to be negatively related to badge size (Gri¤th et al. 1999b) .
As I have shown experimentally, the costs of a nonoptimized brood size are probably high for males and females in terms of wasted potential reproductive success. The costs are paid in terms of both future production, mediated by changes in survival and attractiveness (although hard-working males may become more attractive their survival prospects decrease), and a likely cost for current reproduction as chicks receive a non-optimal rate of food delivered to the nest. The implication of these interactions between current and future reproduction and a sexually selected ornament in species with a high degree of parental care is that the ornament may play an important role in intersexual communication and the optimization of reproductive e¡ort. Such a role can potentially account for the variation of sexual ornaments and may help to explain the honesty with which they are expressed.
